Objectives: To evaluate the diagnostic and prognostic contribution of motor nerve conduction studies (NCS) in addition to neurological examination in patients with acute paraplegia. Methods: In 79 patients with acute onset of paraplegia due to traumatic or ischaemic damage of the conus medullaris/cauda equina (conus/cauda) or lesion of the mid-thoracic spinal cord (epiconal) neurological (initial and follow-up clinical motor and sensory scores; outcome of ambulatory capacity determined at least 6 months post-trauma) and electrophysiological examinations (motor nerve conduction velocity (MNCV) and compound motor action potential (CMAP) of tibial and peroneal nerves) were performed in parallel. Results: Severe axonal motor neuropathies were signi®cantly caused by conus/cauda lesions (loss of tibial CMAP in 71% and of peroneal CMAP in 68%) compared to patients with epiconal lesion (no loss of tibial CMAP and abolished peroneal CMAP in 14%). The CMAPs were deemed acutely pathological 4 ± 14 days post-trauma and were indicative of the severity of conus/cauda lesion while the MNCV remained normal. Follow-up recordings (up to 1 year post trauma) revealed no signi®cant change in the CMAP values. The clinical examination according to the American Spinal Injury Association (ASIA protocol) in contrast to the CMAP values was signi®cantly related to the outcome of ambulatory capacity. Conclusions: In contrast to patients with an epiconal SCI almost all patients with damage of the conus/cauda present a severe axonal neuropathy of the tibial and peroneal nerves. Pathological CMAPs develop as early as 1 ± 2 weeks after onset of acute paraplegia. They allow, at an early stage, to dierentiate between conus/cauda or epiconal lesion and to assess the severity of conus/cauda lesion. Thereafter follow-up examinations remain stable and a developing worsening of peripheral nerve or spinal cord function, eg due to post-traumatic syringomyelia, may be indicated by a secondary deterioration of CMAP values. The clinical examination, according to the ASIA protocol, in acute paraplegia patients, in contrast to the motor nerve conduction studies, is of prognostic value in predicting the outcome of ambulatory capacity.
Introduction
Depending on the neurological level of lesion, acute paraplegic patients who have suered a spinal cord injury (SCI) or lesion of the conus medullaris/cauda equina, either traumatic or non-traumatic, may develop a spastic or¯accid motor disorder of the legs. Clinical examination of chronic SCI patients can dierentiate between mid-thoracic lesion of the spinal cord with a spastic paraparesis (above the conus medullaris, termed here an epiconal lesion) and/or damage of the conus medullaris and cauda equina resulting in a¯accid and atrophic muscle paresis (termed here conus/cauda lesion). However, the clinical examination of acute paraplegic SCI patients with level of lesion at the thoraco-lumbar junction is of limited value because of spinal shock with abolished tendon re¯exes and¯accid leg muscle tone. 1 In contrast to the lower limb re¯exes, the bulbocavernosus re¯ex (BCR), which is mediated by the sacral roots and cord, is maintained in acute SCI patients with preserved conus/cauda function. The BCR can be evoked within 24 h post-trauma and precedes re-establishment of the tendon re¯exes.
Therefore, if the BCR is present in acute SCI patients severe conus/cauda lesion can be discounted. However, the BCR per se cannot evaluate the degree of impaired conus/cauda function. 3 Electromyographic (EMG) recordings are the most sensitive diagnostic tool available in the assessment of lesions of the peripheral motor nerves, ie from the anterior horn cells located in the conus medullaris and the peripheral motor nerve ®bres of the cauda equina. The main disadvantage of this technique is, that EMG is less sensitive in quantifying the degree of damage to peripheral motor nerve ®bres in the acute lesion. Furthermore, a period of up to 20 days post trauma is needed for the development of the characteristic EMG signs of such a lesion. 4 In a previous study, compound motor action potentials (CMAPs) of median and ulnar nerves in tetraplegic SCI patients were of diagnostic and prognostic value in assessing the extent of intramedullary damage to motor nerve ®bres and predicting the outcome of hand function. 5 By recording CMAPs of tibial and peroneal motor nerves in patients with paraplegia the extent and severity of a lesion of intramedullary anterior horn cells of the conus medullaris and motor nerve ®bres of the cauda equina due to traumatic/nontraumatic damage can be quantitatively assessed. 6 However, the time course and the characteristic of pathological motor nerve conduction studies and its diagnostic and prognostic signi®cance in acute paraplegic patients has not yet been evaluated.
The aim of this study in acute paraplegic patients was to assess; (1) the diagnostic signi®cance of motor nerve conduction studies (NCS) of lower limb nerves in epiconal and conus/cauda lesion; (2) the extent and time course of development of pathological CMAPs after lesion from acute to chronic stages of paraplegia; and (3) the prognostic value of CMAPs with respect to the outcome of ambulatory capacity.
Methods
This study describes data taken from paraplegic patients who were resident in our Rehabilitation Centre between 1993 and 1996. Each patient had suered either a traumatic or non-traumatic (eg ischaemic) acute paraplegia with a neurological level of lesion between T4 and L4. Approval of the local Ethics Committee was gained and each patient gave their informed consent to participate in the study. Patients with history or signs of pre-existing neuropathy (diabetes mellitus, alcoholism etc.), local nerve entrapments (peroneal nerve compression) or peripheral nerve lesions of the lower limbs were excluded. To assess the diagnostic and prognostic value of motor nerve conduction studies and the time course of respective changes in acute paraplegia two main calculations were performed.
Diagnostic and prognostic value of motor nerve conduction studies For correlation between both the extent of the neurological de®cits (as assessed by the ASIA scores) and the degree of functional outcome (ambulatory capacity) and the acute and follow-up electrophysiological recordings values of patients with epiconal or conus/cauda lesion were calculated. In this prospectively designed group 25 acute paraplegic patients (age 37+15 years (mean+SD); eight female, 17 male; 23 traumatic, two ischaemic) were consecutively included and underwent clinical (neurological de®cits) and electrophysiological examinations at three times following the injury. The ®rst examination was performed after admission to the rehabilitation centre following the onset of paraplegia (median 24 days, range 2 ± 50 days after incidence). This constituted the acute examination. The second examination was at a sub-acute stage (median 117 days, range 54 ± 136 days after onset of paraplegia), which was performed usually at the end of the rehabilitation programme. The ®nal examination was performed at a very chronic stage (median 384 days, range 191 ± 962 days after onset of paraplegia). To assess the diagnostic value of the electrophysiological recordings the clinical examination was aimed to categorise the patients into one of two most relevant clinical SCI syndromes, those with clinically evident conus/cauda lesion (lesion of lower motoneurones, 14 patients; ®ve female, nine male; level of lesion T9 ± L4) or an epiconal lesion (lesion of upper motoneurones, 11 patients; three female, eight male; level of lesion T4 ± L1). For calculation of the prognostic signi®cance the recovery of sensory and motor de®cits were scored in parallel to the electrophysiological recordings while the outcome of ambulatory capacity was assessed at the end of the rehabilitation programme (the chronic stage of SCI).
Time course of pathologic electrophysiological changes
To assess the very early time course of the development of pathologic electrophysiological recordings in acute paraplegia data of 54 patients (mean age 38+17 years; 12 female, 42 male; 46 traumatic, eight ischaemic) were calculated, who in the initial and/or at least in the follow-up recordings showed pathological values of the tibial and/or peroneal nerves. The recordings in these patients were deliberately performed at very acute stages and the initial recordings could be taken between 2 ± 57 days after onset of the acute paraplegia.
Clinical examination
The clinical dierentiation between an epiconal SCI lesion versus a damage of the conus/cauda was achieved by combined neurological and urodynamical examinations. These methods represent the usual clinical approach to dierentiate between these two disorders. To prevent misdiagnosis in early stage of acute paraplegia, ie due to spinal shock or recovery Neurographic recordings in paraplegia S Rutz et al from transient neurological de®cits, the ®nal clinical classi®cation was determined at the chronic stage of paraplegia (at least 6 months after onset). An epiconal SCI lesion was diagnosed if three conditions were satis®ed; if lower-limb tendon re¯exes and BCR could be elicited, if normal or increased muscle tone of the legs was present, and in addition, if urodynamic examination revealed a neurogenic bladder dysfunction of upper motoneurone lesion (UMN) (with hyperre¯exia of the detrusor muscle, detrusorsphincter dyssynergia). If any of the above conditions was absent an at least incomplete conus/cauda lesion was diagnosed.
Neurological examinations of all patients were performed according to the ASIA standards by specially trained physicians working full-time in the rehabilitation centre under supervision of a senior colleague. 7 They were performed in parallel with electrophysiological examinations. From the ASIA protocol the following measures were assessed and analyzed separately: (1) ASIA motor score; (2) ASIA pin-prick score; and (3) ASIA light touch score.
The outcome of ambulatory capacity of patients was assessed and attributed to one of four categories. (1) No ambulatory capacity where the patient is unable to walk or stand. (2) Therapeutic ambulatory capacity where standing and walking is possible but only with the support of either two physiotherapists, with two braces in parallel bars or with two sticks and the help of an accompanying person. These patients could walk only as a therapeutical procedure. (3) Functional ambulatory capacity where daily walking was possible over short distances without the aid of physiotherapists or braces. This category describes that walking which would be encountered in daily life or at work. (4) Full ambulatory capacity where there was little or no disturbance in walking. This categorisation corresponds to that used in an earlier study. 8 Motor nerve conduction studies A Dantec EMG 12 electromyograph was used to perform the motor nerve conduction studies from temperature-controlled skin. Supramaximal, rectangular wave stimuli of (0.2 ms duration) were applied to the tibial and peroneal nerves distally at the ankle and proximally at the knee. The motor nerve potentials were recorded via surface electrodes (Dantec Silver Chlor Disc Electrode) placed over the m. abductor hallucis brevis and the m. extensor digitorum brevis. The signals were bandpass-®ltered between 10 Hz and 10 kHz. The latency and amplitude of the compound motor action potentials (CMAPs, baseline to peak) and the motor nerve conduction velocities (MNCV) of both nerves were calculated. Normal values were set at levels described elsewhere. 9 The tibial CMAP was classi®ed as pathological below 5.0 mV and the MNCV below 40.6 m/s; the peroneal CMAP below 4.0 mV and MNCV below 41.7 m/s.
Statistics
Statistical analysis was performed using the SAS software package. The relationship of electrophysiological examinations, neurological de®cits and outcome of ambulatory capacity was calculated by Spearman correlation analysis (level of signi®cance P50.05). The relationship between epiconal and conus/cauda lesion versus ambulatory capacity and motor scores was analyzed with Kruskal-Wallis-Chi square approximation tests. Student's t-tests were performed to compare follow up measurements.
Results

Neurological de®cit
Severe neurological de®cits and functional impairment was evident in all the paraplegic patients with either epiconal or conus/cauda lesion upon the initial examination. These de®cits persisted in subsequent follow-up examinations. The extent of neurological de®cits is re¯ected in the reduced ASIA lower-limb motor and sensory scores for the epiconal and conus/ cauda lesion patients groups (Table 1) . Both the motor and sensory functions were similarly aected (KruskalWallis-Chi square approximation test; P40.05) in both patients groups. In the follow-up examinations both patients groups showed an increase in the motor and sensory scores. However, this increase was signi®cant (Student's t-test; P50.01) only for the ASIA motor scores of the conus/ cauda patient group. There was a trend toward recovery of sensory de®cits (pin prick and light touch sensation) in both patients groups but the increment was not signi®cant.
Outcome of ambulatory capacity
The degree of recovery of ambulatory capacity assessed at the end of the rehabilitation programme was similar regardless of the type of lesion (Kruskal-Wallis-Chi square approximation test; P40.05). As shown in Table 2 according to the severe SCI no patient achieved full ambulatory capacity, 9% and 7% of the epiconal and conus/cauda patients respectively regained a therapeutic locomotor capacity. Functional capacity was attained in 45.5% of epiconal-and 50% of conus/cauda-lesioned patients. The remainder from each group remained incapable of locomotion. The degree of neurological impairment in both patients groups assessed by the ASIA scores was signi®cantly related to the outcome of ambulatory capacity achieved at the end of the rehabilitation programme (Spearman correlation analysis; P50.01 in epiconal and P50.05 in conus/cauda lesion).
Diagnostic and prognostic value of motor nerve conduction studies In the initial examination the mean CMAP values of both peroneal and tibial nerves were pathologically reduced in patients with conus/cauda lesion ( Table 3 ).
The CMAP values were signi®cantly (Kruskal-WallisChi square approximation test; P50.05) less deteriorated in the patients with an epiconal lesion although the mean values of the peroneal CMAPs were pathologically reduced and the mean tibial CMAPs were of low amplitude.
In the acute stage of conus/cauda lesion normal CMAP values were evident in only two of 28 peroneal nerve recordings (7%) and in four of 28 (14%) tibial nerve recordings (see Figure 1 for the initial examination). A complete loss was present in 71% and in 68% of peroneal and tibial CMAP recordings respectively. In contrast to the patients with conus/ cauda lesion in patients with epiconal lesion there was no loss of tibial nerve CMAP in any epiconal lesion patient and in only 14% of patients peroneal nerve CMAP were abolished. However some CMAP reduction was even present in epiconal SCI lesion although the patients did not show any other clinical or urodynamical sign of conus/cauda involvement. During the follow-up recordings (sub-acute and chronic stages) there was a trend toward further CMAP reduction especially in the conus/cauda patients although these changes were not signi®cant (P40.05) in either group. In contrast to the CMAP reduction the mean values for the motor nerve conduction velocity (MNCV) were within normal limits in both patients groups (Table 3 ).
The motor nerve conduction studies in neither lesion group, however, did not show a signi®cant correlation (Spearman correlation analysis, P40.1) between the initial electrophysiological recordings and the recovery of neurological de®cit (ASIA motor and sensory scores) and the outcome of ambulatory capacity assessed at the end of the rehabilitation programme.
Time course of pathological NR
In order to study the time-course of the deterioration of the CMAP we selected those patients (n=54) who at least in the follow-up examinations showed pathological CMAP values in one of the four leg nerves (right and left peroneal and tibial nerves). The initial examination was recorded within a range of 2 ± 57 days after onset of acute paraplegia while the follow-up recordings were performed in a range of 83 ± 191 days lesion and normal values could only be observed in those patients whose initial examination was performed within 14 days after acute onset of paraplegia. Figure 2 demonstrates the time course of early peroneal CMAP deterioration after trauma. Severely reduced CMAPs were already present 4 days post lesion and even totally abolished CMAPs 8 days respectively. In mean pathologically reduced CMAP values of the peroneal developed between 4 and 11 days and of tibial nerves between 4 and 14 days after lesion. Figure 3 illustrates three characteristic follow-up examinations in acute paraplegic patients. Patient 1 shows the very early deterioration of a tibial CMAP in a patient with an acute conus/cauda lesion. At the initial examination (day 4 post trauma) the tibial CMAP is of normal value but shows a rapid reduction of the CMAP from day 7 to day 11 post trauma with ®nally complete loss of the CMAP. In contrast, patient 2 with an epiconal acute SCI lesion shows throughout the follow-up examinations almost constant values of tibial CMAP with only a slight reduction. Patient 3, who also suered an epiconal acute SCI lesion as patient 2, shows in the follow-up examinations a slowly worsening of the CMAP values. This CMAP reduction developed over 3 months post trauma and was not related to the acute spinal cord lesion, but the further neuroradiological examination revealed the development of a post-traumatic syringomyelia.
Discussion
In patients suering acute SCI the clinical examination is of essential diagnostic and prognostic value. 10, 11 Although the initial neurological examination determines the level and extent of neurological de®cits it can be dicult in injuries at the thoraco-lumbar spine to distinguish between a lesion of the epiconal spinal cord or damage of conus/cauda in acute paraplegic patients. Due to spinal shock in acute traumatic/non-traumatic paraplegia lower limb re¯exes are abolished and muscle tone is reduced in both epiconal and conus/cauda lesion. 2 However, the dierentiation between the two conditions is of relevance for the prognosis and treatment of the patient's de®cits. In conus/cauda lesion the patient will develop a¯accid, atrophic muscle paresis with neurogenic bladder dysfunction due to impaired lower spinal cord motoneurones (are¯exive detrusor muscle function). 12 In contrast, an epiconal lesion is associated with spastic paraparesis and bladder dysfunction due to impairment of upper motoneurones.
The purpose of this study was to determine the degree to which motor NCS of tibial and peroneal nerves can contribute to the clinical diagnosis and prognosis of acute paraplegic patients. The main ®ndings from our study were: (1) Patients with epiconal and conus/cauda lesion present a similar extent of neurological de®cits in the initial examination and outcome of ambulatory capacity. (2) CMAP values are of diagnostic value for dierentiation between conus/cauda and epiconal lesion. (3) The peroneal nerves are more aected than the tibial nerves and pathological CMAP values develop within 4 ± 14 days after lesion, thereafter they remain stable. (4) The clinical examination, in contrast to the CMAP values, is of prognostic value for the prediction of ambulatory outcome.
The neurological examination of patients with conus/cauda or epiconal lesion show that the extent of motor and sensory de®cits can be very similar in both types of lesion. Although the identi®cation of the neurological level of lesion indicates a conus/cauda or epiconal lesion it can be dicult, ie in lesions of the thoraco-lumbal junction, to distinguish between these types of disorders. Therefore, there is a need for an additional diagnostic tool to the clinical examination which is able to determine the extent of conus/cauda damage early after injury.
In almost all patients with acute conus/cauda lesion the motor NCS of both lower limb nerves were aected and the recordings revealed typical ®ndings of a severe axonal motor neuropathy (reduction or even loss of CMAP, while the MNCV remained normal). The motor NCS in epiconal lesion were signi®cantly less aected. However in some patients with clinically diagnosed epiconal lesion (ie present lower limb re¯exes, preserved muscle tone and hyperre¯exive neurogenic bladder dysfunction) the CMAP values of the peroneal nerves were pathologically reduced. This shows that even in patients with no clinical signs of conus/cauda lesion MCAP values can be deteriorated revealing a subclinical involvement of lower motoneuron function. The results obtained here in patients with epiconal lesion are in accordance with earlier reports in SCI patients. 13 ± 15 In electromyography and NCS signs of denervation and neuropathy in muscles below the neurological level of spinal cord injury were seen. 16 ± 18 This was attributed to a transsynaptic neuronal degeneration of lower motoneurones, due to a loss of trophic in¯uence from upper motoneurones. 19 ± 21 However, in the latter studies no early electrophysiological recordings were performed, therefore a direct comparison to our study cannot be made. The results presented here would favour the assumption of Berman et al 25 who proposed that in SCI a neuronal impairment exists not only at the level of injury but over a more extensive area within the spinal cord with the injury level as its rostral border. 26 ± 28 The time course of pathological CMAP values support this assumption. Pathological CMAP values developed within 4 ± 14 days post-trauma and did not change signi®cantly in the follow-up recordings. This corresponds to results which were obtained in a recent study on tetraplegic patients due to cervical SCI. 5 About half of the median and ulnar nerves showed a pathological CMAP within the ®rst 2 weeks post-trauma and the time course was found to be similar. We suggest that pathological CMAP values in acute epiconal lesion are also most probably caused by the trauma itself and not due to eects of chronic spinal cord damage. The initial pathological CMAP values can be distinguished from secondary deterioration due to developing peripheral nerve or spinal cord dysfunction. Such a secondary neuropathy was evident in one patient whose CMAP values worsened 3 months post-trauma due to a developing syringomyelia. Although needle EMG recordings are most sensitive to assess an acute peripheral motor nerve lesion, the present study is able to show that CMAP recordings can be used earlier to indicate the extent of conus/cauda damage than EMG, which represents typical characteristics with a time delay of about 20 days post-trauma. 29 ± 31 The use of F-wave recordings in acute SCI to diagnose conus/cauda damage is restricted due to the in¯uence of spinal shock. 32 The initial/acute ASIA scores of paraplegic patients with conus/cauda or epiconal lesion were signi®cantly related to the recovery of ambulatory capacity at the end of the rehabilitation programme. This corresponds to ®ndings of earlier SCI studies. 33 ± 35 In contrast, the initial CMAP values were not of predictive value for the extent of neurological recovery or outcome of ambulatory capacity. This less prognostic value can be explained by the fact that in paraplegic patients the thigh muscles are more relevant for the outcome of ambulatory capacity than the lower leg muscles supplied by the nerves tested in this study. Even patients with complete paraplegia of the lower limbs but preserved thigh muscles can achieve functional capacity with the aid of braces. Therefore these patients showed a similar degree of outcome of ambulatory capacity as did patients with incomplete lesion of lower limb muscles.
We conclude that the clinical examination in acute paraplegia patients is most sensitive to predict the recovery of ambulatory capacity, while motor nerve conduction studies constitute a valuable diagnostic tool to dierentiate between epiconal and conus/cauda lesion. CMAP recordings of lower limb motor nerves allow at an early stage to assess and quantify the extent of conus/cauda lesion. Furthermore, follow-up recordings can be used to indicate a secondary impairment of peripheral nerve and spinal cord function.
